Abstract-This paper presents an extension of previous methods in order to find electrical series connections between multiphase machines, allowing the independent control of each one of them. These new electrical series connections explore the symmetrical disposition of the phases of even-multiphase machines, allowing the inversed connection of some of the phases, different from the direct connections as it was previously done. Therefore, electrical series connections of two symmetrical six-phase or of four symmetrical ten-phase machines are now possible. Besides that, this new solution ensures a natural independent control of permanent-magnet synchronous machines even if the back electromotive forces (back EMFs) generated by the rotor are not sinusoidal, without need of special machine conception or supplementary control strategy. This control independency is mathematically proved using the decomposition of multiphase machines in fictitious diphase and homopolar machines. Experimental results are presented to show the functioning and the advantages of this new coupling for two symmetrical six-phase permanent-magnet synchronous machines (PMSMs).
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NOMENCLATURE

M
ULTIPHASE machines are being increasingly used in different applications because of their advantages such as power sharing per phase and high torque density with low torque ripple, and mostly because of their inherent fault tolerance capability [1] and [2] . This capability is highly recommended or compulsory for some applications in aeronautics, aerospace, naval, electric vehicles, and offshore wind turbines. Besides the listed advantages, these machines need a higher number of transistors in the voltage-source inverter, thus increasing the weight, volume, and cost of the drive [3] - [6 ] .
When several machines must be controlled simultaneously, there is one possibility to solve this constraint by using a particular property of multiphase machines; the ability to be controlled independently even if they are series connected. Series-connection is a solution for reducing the number of transistors [7] , [8] in applications with several multiphase machines. Some advantages of this solution in fault-tolerant applications, like peak currents and torque ripple, are reported in the literature [7] - [9] . However, the copper losses increase because the currents that generate torque in one machine flow in all machines. Nevertheless, in systems like airplanes, drones, and rockets, the system weight reduction, due to the motors' series connection, can compensate the increase of the motors' losses, when analyzing the global efficiency.
Initial literature on series-connected machines have been published for induction odd-phase machines in [10] - [16] , with experimental results in [16] , for synchronous machines with sinusoidal electromotive force in [17] and [18] , and experimental results in [14] . In the case of machines with non-sinusoidal back electromotive force (back-EMF), Mengoni et al. [19] and Mekri et al. [20] propose a supplementary decoupling by control and Mekri et al. [20] give the experimental results.
In order to ensure the independent control of the machines, the drive must fulfill some rules. The system must have enough degrees of freedom (DoF) to control all the machines that are series connected (2 DoF per machine) and at least one supplementary DoF to ensure the control of the machines in degraded mode. The number of DoF is directly related to the machine's number of phases. A special coupling between the machines is necessary in order to decouple the control of the series-connected machines. The independent control of each machine consists in imposing current components in order to generate torque in one machine but not in the others, even if the currents flow in all the series-connected machines.
In [14] , [21] , and [22] , a method to obtain series connections between the machines ensuring the decoupling of the machines' control was demonstrated. This method is applicable to different odd-phase machines. After some adaptations and extensions of the method, a few connections between even-phase machines are also obtained: connections between two 8-phase and three 10-phase symmetrical machines [21] , connection between "2n"-phase machine to an "n"-phase machine [21] - [29] and connection between asymmetrical even-phase machines [22] , [29] .
However, it has never been shown in the existing literature how to connect two symmetrical six-phase machines with their independent control. This particular case is practically of importance because it is easy to obtain a symmetrical six-phase machine from a three-phase machine without special design. It is only necessary to modify internal connection of windings in order to extract three supplementary connection terminals. Moreover the fact to be able to use identical machines is also of interest. It is the case with the methodology which is presented in this paper. This methodology allows also supplementary connections which could be interesting when the connected machines must be identical, as four symmetrical ten-phase machines.
Concerning PMSM whose back-EMF are not sinusoidal, the classical series connections between the machines are not sufficient to ensure their independent control. In this case, the design of a PMSM rotor nullifying some back-EMF harmonics or a special control, as presented in [17] , are also necessary. However, for the connection presented in this paper, the control independency can be ensured without special control and with much less rotor dimensioning constraints. The mathematical demonstration is presented in Section IV.
The paper is organized as follows. Section II explains the method already presented in the literature. Section III extends this method by adding the "inversed" connection between phases. Section IV demonstrates the decoupling of the machine's control by the representation in fictitious machines (FMs) method, showing that the inverted connection allows a natural decoupling of regular series-connected PMSMs, even if the back-EMF are not sinusoidal. Finally, Section IV presents some experimental and simulation results before the conclusion.
II. REGULAR PHASE SWAPPING
A method which allows the connection of "N " "n"-phase machines in series, if the number of phases "n" is higher than "2N + 1" is presented in [14] , [21] , and [22] . This method consists in directly connecting the phase 1 of M1 to the phase 1 of M2 and then connecting the phase 2 of M1 to the phase 3 of M2 and transposing it to an angle (α 12 ) equal to 2π/n. For each subsequent phase, the transposing angle is incremented by 2π/n. Phases 3 and 4 of M1 are, respectively, transposed by an angle of 2α 12 and 3α 12 .
In order to connect three machines in series, the machines should have at least seven phases. Machines M2 and M3 are connected as explained earlier, with a transposing angle (α 23 ) of 2π/n. Consequently, the transposing angle between M1 and M3 is 4π/n. The same is done if more machines are series connected. The fact that all the machines that are connected in series are independently controlled shows that the transposing angle can be a multiple of 2π/n. Therefore, it is possible to assert that the transposing angle (α) is defined by (1), in which "s" is a constant and integer value
The phases of a rotating machine are cyclically distributed and any angle "α" is exactly the same as "α ± k2π," with "k" being an integer number. This can be seen in Fig. 1 , in which there are two 5-phase machines connected in series with "s = 3." Phase 4 of M1 is supposed to be transposed by an angle of "12π/5," but in the end, it is only transposed by "2π/5" as well as connected to phase 5. In the same way, when the connected phase "j" is higher than the number "n" of phases of the machines, the real connected phase is "j − kn." Because of that, the only values that are analyzed for "s" are between "1" and "n," any other "s" value is redundant. For example, "s = 2" and "s = n + 2" result in the exactly same connection between the machines. Table I shows the connection between M1 and M2 for different values of "s."
Just by looking at this table it is possible to determine that some values of "s" are not worth analyzing in more details: 1) s = n: Only one phase of M2 is supplied. M2 is not able to turn. 2) s = 1: All the phases of M1 are directly connected to the equivalent phase of M2 without any transposition. Consequently, the machines are not able to turn at different speeds or generate different torques. 3) s = n − 1: It is similar to "s = 1." The only difference is that the machines will keep turning at the same speed but in different directions. By eliminating the values of "s" that are not interesting, "s" may be any integer value between 2 and "n − 2." In Tables II and III, all the possible connections between two .. symmetrical six-phase and two symmetrical seven-phase machines are presented. Concerning the seven-phase machines, there is no special comment because all possible connections may be implemented. All the "s" values presented allow an independent control of each machine. This independency is demonstrated in Section IV, as the impact on the topology's behavior by choosing each different value of "s." Otherwise, Table II shows that for any of the three "s" values, it is not possible to connect them in a way in which all the six phases of M2 are supplied. This happens when "s" has a common divisor with "n," and this is the case for all the possible "s" values for the six-phase machines. Because of this, the previous works mostly took into account odd-phase machines and the connection obtained by "s = 2."
It is also possible to see that the value of the great common divisor (GCD) of "s" and "n" is the number of phases of M1 connected to the same phase of M2. For example, for the connection "s = 2" for two 6-phase machines, 2 is the GCD of 6 and 2, which are the values of "n" and "s," respectively; there are two phases of M1 connected to each phase of M2. That is why [21] - [29] propose a connection of a six-phase machine (M1) to a three-phase machine (M2), in which the phases of M1 are connected two by two to each phase of M2 (see Fig. 2 ).
It does not mean that there is no possible connection between even-phase machines in the literature. In [21] , a connection between two 8-phase machines is presented (see Fig. 3 ). Even if it is not explained with the same method as this paper, the connection shown is for an "s = 3," instead of "s = 2" as it was usually the case at the time 
III. INVERSED SERIES CONNECTION
This paper presents another solution to connect the machines with symmetrical even-phase machines. Thanks to its symmetry, supplying a phase "j" of the machine is magnetically identical to supplying the phase "j + n/2" with the symmetrical current [see (2) ]. Consequently, instead of directly connecting (see Fig. 4 ) two phases of M1 to the same phase "j" of M2, one of these two phases of M1 is inversely connected (see Fig. 5 ) to the phase "j + n/2" of M2.
Taking into account the inversed connection, it is possible to update Table II, obtaining Table IV . The values of "s" with a " * " represent the ones in which there are inversed connections, which are represented by the "−" signal in front of the number of the phase of M2.
The inversed connection of phases cannot be implemented to "s = 3" because there are three phases of M1 connected to each supplied phase of M2. Besides that, these only two phases of M2 connected to M1 are shifted by π. These represent the two compulsory conditions in order to implement the inversed connection:
1) the phases of M1 have to be connected two by two to the phases of M2, what only happens when the GCD of the number of phases "n" and "s" is 2; 2) the opposite phases, shifted by π, should not be connected, so the number of phases "n" should not be divisible by 4. For the second condition, a better example is two 8-phase machines series connected with "s = 2" (see Fig. 6 ). In this case, condition 1 is respected, the phases of M1 are connected two by two to the phases of M2, but condition 2 is not verified.
Otherwise, the inversed connection can be implemented to ten-phase symmetrical machines with "s = 2." Then is possible to series connect four 10-phase machines. 
IV. FMS COUPLING
The FM representation is a tool to demonstrate the independency control between series-connected machines. It consists in decomposing a multiphase machine on two-phase and homopolar (one phase) mathematically decoupled FMs [12] [31]. The torque generated by the real machine is the sum of the torques generated by each FM, knowing that the two-phase FMs are able to produce a constant torque as the homopolar ones are not. In normal mode, each FM interacts with some harmonics, the main machine being a two-phase FM that generates torque with the fundamental back-EMF and current. Therefore, controlling only the main machine is possible to generate a constant torque with the minimal current (MTPA, maximum torque per ampere strategy). The parameters and the variables of each FM, as currents or voltages, are obtained by using the Concordia transformation.
For a symmetrical "n"-phase machine, harmonics are distributed as shown in Table V . The harmonics that interact with the same machine have a common shift angle between two adjacent phases (φ nh ). This shift angle is obtained by (1) and (2) . Each harmonic may have a shift angle in comparison to the fundamental harmonic. In order to simplify equation 0 and because this shift angle is not important to the following analysis, this phase shift is neglected.
The machine's phase currents may be represented as follows:
in which the shift angle between two adjacent phases is
Tables VI and VII represent the harmonic distribution and the shift angles for a six-phase machine and a seven-phase machine as examples.
When two multiphase machines are series connected, the FMs are also coupled. Therefore, two major conditions have to be respected in order to obtain the independent control of the machines: 1) ensure that the main machines are decoupled from each other; and 2) ensure that the FM to which the main machine is coupled does not generate torque. Papers [7] , [12] , and [27] have already shown how the FMs or subspaces are coupled for different connections and different number of phases. Equations (5) to (13) represent mathematically by matrices the coupling of two symmetrical six-phase machines (see Fig. 7 ) 
Analyzing the equations, especially (10) to (13), the coupling of the FMs is obvious, schematized by Fig. 8. Figs. 9 and 10 also show the coupling between two 7-phase machines and their FMs as well. In both cases, the decoupling of the main machines Fig. 8 . Couplings between two 6-phase FMs for "s = 4 * ." Fig. 9 . Series-connection for two 7-phase machines for "s = 2." is achieved. The currents of a main machine drive a second or a third machine.
Each "s" value represents a different coupling between the FMs. Table VIII shows the different couplings for each "s" value for two 7-phase machines connected in series.
The asterisks ( * ) in Table VIII represents that the two FMs are coupled in series, but the current of one is the conjugate of the other, not exactly the same. However, no practical difference or 
Main (αβ1)
advantage has been noticed until now between these two cases. Otherwise, considering a different coupling between the FMs, it is recommended to choose the connection in which the main machines are coupled to other FMs that have low back-EMF amplitude, in order to reduce a possible torque ripple. As the machines are not totally decoupled, to obtain the independent control of each machine, the second or third machine may not generate torque. There are two solutions in order to respect this condition: control strategy or machine design. The first is described in [19] and [20] , in which a control strategy is developed in order to compensate the torque oscillation generated by the FM coupled to the main machine. The second one consists in eliminating the back-EMF's harmonics that interact with the FM coupled to the main machine during the electric machine's design. This is the reason why induction machines were studied in series-connected topologies before PMSM. The back EMF of induction machines is induced by the stator currents, which are controlled.
The elimination of some FMs' harmonics during the machine design may seem expensive. In PMSM, the back-EMF harmonics depends on the rotor architecture. Therefore, a special architecture with specific industrial constraint is needed in order to nullify the third or the fifth back-EMF harmonics, depending on the coupling between the FMs. But in the case of two symmetrical even-phase machines, a regular symmetrical PMSM rotor ensures that the back-EMF of the FM coupled to the main machines is null. Table VI shows that the secondary machine of a six-phase machine only interacts with even harmonics. As the even harmonics of the back-EMF are null because of the rotor's symmetry, those FMs are not able to generate torque. Consequently, in the case presented on Fig. 8 , the control of both machines connected in series is naturally independent. This is not the case for two 7-phase machines connected in series, because all the FMs interact with odd and even harmonics, so they can all potentially 
When coupling two regular even-phase machines with an even "s" connection, the machines' control is naturally decoupled. The series connection between the machines swaps mechanically the phases in order to couple different FMs. (14) and (15) show how to obtain the phase shift angle for M2, depending of the harmonic current of M1.
It is possible to re-obtain Table VIII using Table VII and (15) for different values of "s" for seven-phase machines.
If the same procedure is done to a coupling with inversion connections, two expressions have to be added to the equation of the currents of M2. Expression (A) represents the shift of n/2 phases, and expression (B) represents the inversed connection in (16) .
In that case, the phase shift of M2 is defined by
For "s = 2" and two six-phase machines, we have the connection as seen below (see Table IX ).
Generalizing to the case in which the inversed connection is applied: 1) "s" is an even number.
2) "n" is an even number not divisible by 4, then "n/2" is an odd number.
By analyzing (18) and (19) , it is possible to obtain Table X. Table X shows that an only odd-harmonics FM of M1 is always coupled to an only even-harmonic FM of M2 and vice versa. Besides, the coupling between the harmonic FMs is also obtained by replacing "x" with "0" or "n/2." This confirms that, in the conditions mentioned earlier, the control of the seriesconnected machines is naturally decoupled.
Concerning more than two machines connected in series, it is not possible to affirm that all machines are naturally decoupled. Considering that all M1 odd-harmonics FMs are connected to even-harmonics FMs of M2 and vice versa. The odd-harmonics of M3 definitely are coupled to the odd-harmonics FMs of M1 or M2. Anyway, it is possible to connect four symmetrical tenphase machines, in a way in which each main machine is decoupled from the others.
V. EXPERIMENTAL RESULTS
With the test bench presented in Fig. 11 , experimental results were obtained in order to demonstrate the control independency of two symmetrical six-phase PMSM series connected supplied by a classical six-leg inverter as shown in scheme of Fig. 12 . The two PMSM are identical (the parameters are listed in Table XI ) with an almost sinusoidal back-EMF. Its third, fifth, and seventh harmonics are, respectively, 1.73%, 0.9%, and 0.2% of the fundamental one. Fig. 13 shows the control scheme of the machine. Regular PI controllers are used to control the speed of each machine and the currents of each FM. As the main machine of M1 is series connected to the secondary machine of M2 and vice versa, it must take into account the equivalent resistance and cyclic inductance, the sum of the resistances and cyclic inductances of both FMs series connected, in order to define the current PI corrector parameters by classical method, as tuning by pole cancellation. Only the currents of each main machine are controlled as the reference voltage of the homopolar machines is null. The speed profile chosen to demonstrate the control independency between the machines is one machine controlled with constant speed while the other has a trapezoidal profile. Fig. 14 shows the measured speed of both machines. It is possible to notice that the variation of speed of M2 has no impact on M1, hence representing the independency of each machine's control. Fig. 15 presents the currents of the fictitious dq machines obtained by applying the Concordia and Park transformations to the measured currents. As I q current component is an image of the torque of each machine, Fig. 15 shows that the machines are independently controlled. Similarly to the measured speeds, the variation of torque of one machine has no impact on the other. A set of sinusoidal and balanced phase currents references, with different frequency and magnitude, are independently generated by the control for each machine. Because of the series connection, the same currents flow in both machines. Then, these current references sum up yielding to irregular waveforms, as presented in Fig. 16 .
The back-EMF of each machine (see Fig. 17 ) is related to each fundamental frequency. As each machine turns in a different speed, the frequencies of the back EMF are different. Then the currents being the same for both machines have a component for each frequency. Analyzing the back-EMF and the currents in the αβ references, the relation between the current components of the FMs αβ1 and the back EMF of the machine M1 in the αβ references is simple. They have the same frequency and they are in phase. Besides the amplitude variation due to speed variation, the same relation can be obtained by comparing the current components of the FMs αβ2 and the back EMF of the machine 2 in the αβ references. However, this relation is not visible in the measured currents.
VI. CONCLUSION
The method proposed in this paper extends the existing method to even-phase machines whose number of phases is not divisible by four. The two most important achievements of this method are the possibility of connecting two identical symmetrical six-phase PMSM and the fact of highly reducing constraints on the rotor dimensioning of a PMSM in order to decouple the control of the machines.
With the proposed method, it is possible to use almost classical three-phase machines with just a modification of their internal connections in order to output three supplementary connections to obtain what is called a six-phase symmetrical machine. Besides, all the machines series connected can be identically dimensioned, different from a six-phase machine connected to three-phase one.
Most of PMSM in the industry have no even back-EMF harmonics thanks to the rotor symmetry. This condition is sufficient to ensure that the control of the series-connected machines is decoupled, without need of implementing a supplementary control strategy or specific dimensioning the rotor.
Using the proposed methodology, the classical benefits of series connections such as the reduction by two of the transistors [21] are no more reserved to multiphase machines with special design.
